Recent years have witnessed a significant growth in the advancement and study of various unsteady combustors because of the prospective stagnation pressure gain offered by them. The pressure gain combustion produced by this class of combustors is poised to produce a step-change increase in the thermodynamic efficiency of gas-turbine engines. The current manuscript is oriented toward presenting a review on the pollutant emission characteristics of these devices; specifically, studies done so far on wave rotor combustors, pulsejet combustors, pulse detonation combustors, and rotating detonation combustors are evaluated. Because of the inherent fluid dynamic unsteadiness peculiar to pressure gain combustion devices, their emissions behavior is not well understood, and is notably different from the more conventional, steady combustors. The global view provided herein is expected to further the understanding of pressure gain combustion systems and ascertain the practicality of implementing them in real-world applications.
Introduction
The primary pollutants from combustors are carbon monoxide (CO), carbon dioxide (CO 2 ), NOx, and unburned hydrocarbons (UHC) among other particulate emissions. All of the above cause significant damages to the environment 1 and/or the biological species residing in it. [2] [3] [4] [5] The combination of these pollutants cause a wide variety of issues in humans, mostly involving increased mortality, reduced capacity to absorb oxygen by the blood cells, asthma, other severe respiratory diseases, heavy metal poisoning, kidney failure, etc. 6 As a consequence of this, there have been systematic efforts to reduce emissions from combustor elements. A case in point is the targeted goal of reducing CO 2 by 75% by the year 2050, as put forth by the Advisory Council for Aeronautical Research in Europe. 7 Considering that a significant majority of these emissions are produced by gas-turbines, owing to their providing 10% of all power generation in the US (aviation included), 8 it is essential to understand and treat the production of gaseous emissions as we move forward. Emissions reduction should be construed as a parallel effort that is needed in conjunction with increasing the thermal efficiency of these engines-a 1% increase is tantamount to removing 1,360,000 cars off the roads. 8 Traditionally, owing to the drastic changes in the combustor operating conditions, different engines tend to produce rather different levels of pollution. The following equation represents the commonly used quantification process to estimate emissions from an aircraft engine, depending on its phase in the landing-takeoff cycle 6 Emission g=kN ð Þ¼Emission Index g=kg fuel ð Þ Â Engine SFC kg fuel=hrÀkN ð Þ either the emission index, or the engine's specific fuel consumption (SFC is the mass of fuel supplied to an engine to attain unit thrust at a given unit time), or both. The former is mostly combustor design and fuel dependent, whereas the latter is associated predominantly with the engine cycle itself. These two factors can be altered by using a new class of devices called pressure gain combustors (PGC), which operate with a fundamentally different cycle than the conventional Brayton cycle combustors. 9,10 PGC systems utilize unsteady fluid dynamics such as detonation wave propagation or resonant combustion to effect an increase in stagnation pressure across them. 11 This effect has been proposed to produce a significant increase in thermodynamic efficiency, thereby producing a step-change increment in the efficiency of gas-turbine engines. For instance, rotating detonation combustors (RDCs) have been proposed to cause: an increase of up to 9% in fuel efficiency, 11 an increase of up to 15% in the total pressure in the combustor due to detonation, 12 an increase of 5% in thermal efficiency, 13 and finally up to 14% increase in power plant efficiency over conventional J class turbines. 14 While these forecasts are highly promising, the associated emissions characteristics of these devices are to be given equal importance to use them in any practical applications. Owing to the time scales associated with some of these unsteady processes and the inherently different form of combustion (detonations) used in few of these devices, their emissions profiles and nature are expected to be markedly different from traditional deflagrative steady systems. Hence, this manuscript is dedicated toward reviewing the emissions characteristics of four main types of PGCs: wave rotor combustors, pulsejets, pulse detonation combustor (PDC), and RDCs. Though the field of pollutants study in these combustors is in its infancy compared to the considerable work done in characterizing steady combustors, there have been enough numerical and experimental endeavors over the years to warrant a review of them, and subsequently plan for the future.
Emissions characteristics of unsteady PGC 2.1. Wave rotor combustors
Wave rotor combustors are first of the four types of PGC that are to be discussed here. This technology was intensively studied during 1990s and 2000s, 15 but research interest appears to be non-existent in recent years due to the very high complexity in achieving the desired operation. Here, it is important to appreciate the difference between a pressure-exchange wave rotor and a wave rotor combustor. 15 The latter consists of a rotating drum made up of a finite number of discrete cells. One side of this rotor contains an inlet port for air that has a region that overlaps with multiple cells as the drum rotates. To a given cell, this inlet side serves to produce a high pressure flow from the compressor. By the time this slug reaches the other side of the cell, the drum is timed to rotate in such a way that it hits the stationary wall of the other end, causing the production of a pressure wave (usually a shock wave). This additional compression produced by the moving waves cause a supply pressure to the combustor that is higher than when operating without the pressureexchange wave rotor. 16 This has made this type of wave rotors promising for use as superchargers, such as that used in Comprex engines. 17, 18 The combusted gases are then resent into the second inlet port, where it partially expands within the cell, before finally expanding completely in the turbine stage after exiting the wave rotor through the second outlet port. An example schematic showing the operation of a wave rotor pressure exchanger is given in Figure 1 (a). The corresponding x-t plot representing the different fluid dynamic regions are given in Figure 1 (b) for the same type of device (the legend for the different elements is given in Figure 2 ). The second manifestation of this idea-wave rotor combustor-is very similar, but contains one major change. Here, there is actual combustion inside the cells in addition to the movement of the pressure wave. As has been known through fundamental studies on detonation behavior, certain conditions inside the cells can produce detonation waves, instead of deflagration waves, due to shock-ignition. 19 Hence, depending on the type of combustion exhibited by a wave rotor combustor, one should expect drastically different emissions profiles because of the temperature and wave propagation speed difference between the two combustion modes. Note that both premixed injection and non-premixed supply with different streams for air and fuel have been used in wave rotors, with the requirement that an ignition source be present in each cell to initiate the combustion process. Plots of x-t diagram for the above-mentioned three cases are shown in Figure 2 (a) to (c) from Nalim (1999) . 20 Since the onus of the current document is on the emissions characteristics, the region of combustion (or detonation) is of importance. Depending on the type of reactants mixing and the mode of combustion, it can be seen that there is a vast difference in the amount (the thick black region) and residence time (the slope of the combustion lines) of the combusted products. Naturally, it should be expected that, currently, there appears to be no experimental quantification of emissions from wave rotor combustors. We are able to find only one record of emissions measurement, even from the much simpler construct of ''pressure-topping'' wave rotor used to supercharge the famous Comprex diesel engines. 18 More recent efforts pertaining to experimental measurement of emissions are either lacking or not available publicly.
As noted earlier, a wide range of mixing is possible (in theory) to power wave rotor combustors. While there are no experimental findings that have investigated the same so far, there have been two numerical efforts oriented toward answering some of these questions. 21, 22 Pekkan and Nalim 22 numerically tested 10 different scenarios of mixing within a cell of a wave rotor combustor when it is fed propane-air reactants at different equivalence ratios and settings. Partitions in the inlet to allow a pilot igniting flame at the center (tabs at the right of the cells in Figure 3 (a)) allow the possibility to not only ignite the cell but also to allow a different, lower equivalence ratio mixture to be injected from the concentric circle surrounding it. They also tested injections where such a partition is absent. The effect of stratified charges was also investigated by numerically fixing a region in the cell to be composed of inert air or combusted products. The above ideas essentially take into consideration most of the many iterations of mixing that are possible in a deflagrative wave rotor cell. The numerically recorded emissions index (ranging from 0.3 to 257 g/kg-fuel depending on the configuration) and NOx ppm are presented in Figure 3 (b), where it can be seen that rather high levels of NOx are produced during wave rotor operation, extending up to 7200 ppm. However, at certain other conditions (1f and 1g), lower NOx is produced at about 300 ppm. This might be attributable to the effect of having an air buffer between the different regions of combustible reactant layers, which can subsequently bring down the local temperature. This shows that wave rotors are extremely sensitive to the exact conditions of mixing and injection within the rotating cell; much more so than ordinary combustors. The residence time also makes a notable impact here, as seen in Figure 4 . After ignition (at roughly 0 s), till a time of about 3.865 ms, the NOx produced by the first five configurations increases almost linearly to thousands of ppm. At this point, the other end of the cell is now open to exhaust to the turbine, which in turn produces a momentary decrease in the observed emissions. However, the pollutant produced increases after this slight dip, suggesting that there is always a notable amount of NOx produced in wave rotors since there is always some amount of combustion occurring in it, thereby producing what could be construed as a very prolonged residence time. It is the opinion of the current authors that these devices, while promising as a pressure ''top-up'' device, are not feasible to be used as stand-alone combustor architecture because of the extreme complexity in selecting the right design, manufacturing, and promoting the required mixing that would result in acceptable levels of emissions. The other PGC discussed below tend to provide a much better alternative.
Pulsejet
In pulsejet combustors, the acoustic field is coupled with the combustion dynamics to produce oscillating combustion and pressure fields at about 10 Hz to 500 Hz. 23 It is generally agreed upon that this coupling is based on a Rayleigh criterion-type combustion process where there is in-phase pressure increase and heat addition. [24] [25] [26] [27] While the exact mechanism of the combustion is not yet deciphered, several possibilities such as conventional turbulent flame ignition, 23 autoignition from the heated wall, 25 and shockless explosion combustion 26 have been proposed. Similarly, there is some contention on the nature of the acoustic oscillations happening inside pulsejets. It has been shown that pulsejets exhibit two main modes of oscillations: quarter-wave tube and Helmholtz resonator. 28 Additionally, within a given pulsejet operating cycle, it has been conceded that the device could behave like a half-wave tube owing to the valves being open for a finite time to allow for reactants injection. 25 Despite this class of combustors existing for multiple decades, there are still considerable unknowns regarding its operation, including the issue of emissions. Because of the broad promises of Pekkan and Nalim (2003) . 22 pressure gain combustion technologies, research into pulsejets have increased in recent years, once again, because of their prospective efficiency increase over conventional systems; Yungster et al. 29 numerically estimate that pulsejets tend to produce more than a 5% gain in stagnation pressure.
While it is possible to manually throttle air and fuel flow into pulsejets (valved intake or valveless), they can also operate in a naturally aspirated setting, where the low pressure region inside the combustor sucks in the required amount of oxidizer and fuel required for a given cycle of pulsejet operation. This aspiration is also present at the exit end of the pulsejets causing significant backflow into the device during every cycle of operation. Hence, unlike other devices, pulsejets are prone to producing both positive and negative thrust, 25 owing to this resonance-based operation. NOx emissions in pulsejets are lower than most conventional systems due to three main reasons 28 : (i) cooling of hot products by the colder ambient gases due to the backflow part of the cycle, (ii) cooling of the hot combusted products by the colder fresh reactants at the injector end of pulsejets, and (iii) short residence times of the combusted products inside the pulsejets due to the high frequency of operation. All of these effects tend to lower the time and space averaged temperature, which in turn produces lower NOx ppm. NOx measurements from different facilities are reported to vary between 3 ppm and 61 ppm. 24, [30] [31] [32] Also of interest is the notably different profiles exhibited by NOx and CO emissions in a pulsejet in comparison to traditional combustors. In the latter, there is a ''sweet spot'' temperature that is prone to produce the lowest amount of both NOx and CO emissions-1680 K to 1900 K. 6 Higher temperatures produce very high NOx, whereas lower temperatures produce considerably high CO, since its formation is dependent on incomplete combustion processes. In a pulsejet, however, there appears to be no such tradeoff between NOx and CO, and both the pollutants behave similarly with increasing temperature, as seen in Figure 5 and from Zbicinski et al. (2014) . 33 This might be attributable to the very essence of pulsejet operation which operates on acoustic oscillations, which is in turn dependent on the average temperature inside the device (since sound speed is temperature dependent). Hence, on one hand, increasing the temperature causes higher NOx production, while at the same time inducing a higher frequency of operation which promotes uneven mixing, thereby producing more CO. 28 This said, it is noted that both the pollutants are still within acceptable levels and are in line with those seen in conventional combustors. It is evident that further understanding of the mechanisms responsible for these observations is required.
Pulsejet combustors are prone to being highly sensitive to the mixing inside; in some scenarios, significantly more so than traditional combustors. Yungster et al. 34 have shown that depending on the nature of coupling between the vortex formation after the valves and the combusting region (combustion occurring on the inner Pekkan and Nalim (2003) . 22 region of the vortex vs. that occurring outside the vortex, near the wall, which can produce hotspots) there could be a factor of two increase in the observed NOx emissions index. When combustion is forced to occur on the interior edge of the vortex, they showed, numerically, that slow-moving, high temperature hotspots are avoided along the wall which produced emissions indices as low as 0.31 (g/kg-fuel). Temperature, mass fraction, and NOx emissions pertaining to the flow dynamics in such an optimized pulsejet combustor (Jet A-air mixture at an equivalence ratio of 0.65) are shown in Figure 6 (a) and (b). The images can be interpreted as follows. Higher temperature by itself does not translate to heightened NOx production. This is due to the cooling effects produced by the fresh stream of acquired fuel inside the combustor that tends to lower the local operating temperature, thereby producing only minimal NOx. However, this effect of higher fuel fraction exists only for roughly about the first-half of the combustor length, after which it breaks down. This coupled with the high temperature produces notable NOx pollutants at the second-half region of the combustor, as seen in the figure. Even at unoptimized conditions, at lower equivalence ratios, numerically, it has been shown that the emissions index for pulsejets is always comparable to that of conventional combustors, staying below 19.7 g/kg-fuel (for Jet A-air mixtures). 35 The end goal of studying pulsejets, currently, appears to lie in its usage in gas-turbine engines. 35 This imposes requirements pertaining to having relatively steadier exhaust profiles when the flow-field from pulsejets enters the turbine section. One method of overcoming the high-frequency, unsteady exhaust that is built into pulsejet operation is to use external ejectors at the exit end to smoothen the flow by mixing with entrained air. [35] [36] [37] This, of course, would cause additional effects on the production of NOx. Paxson and Dougherty 37 postulate pulsejet operation to be akin to a type of Rich-burn/Quench/Lean-burn (RQL) process used in recent combustors. This is based on their digital particle image velocimetry (PIV) imaging of the pulsejet exhausting into an ejector. As seen in Figure 7 (a), the initial flow inside the ejector is highly steady and irrotational. After about 1 ms, the two vortices that left the pulsejet exit (yellow signifies a counterclockwise rotation, whereas blue signifies a clockwise rotation of the vortex) have caused the entire volume of the ejector assembly to have a rotational component to its flow-field suggesting a very rapid mixing process. Paxson and Dougherty point out that this type of rather quick mixing is exemplary of an RQL combustor. 6 Here, in order to produce the least amount of NOx possible, the initial mixture is burnt at a rich equivalence ratio, and subsequently quenched quickly using a suitable method (cross-flow injection of high-speed quenching air, for instance), which is in turn followed by a lean-burning process where the initially UHC (from the rich-burn phase) are consumed almost completely (see Figure 7 (b)). Further experimentation is required to confirm the same in pulsejets.
Pulse detonation combustors
Detonation is a supersonic combustion mode that induces a static pressure rise across the wave due to the linkage between the chemically reacting zone with a shock wave upstream of it. 19 Combustor cycles based on detonation combustion offer a theoretical increase in thermal efficiency when compared to deflagration combustors. 9 Significant impetus has been directed in recent years oriented toward practical application of detonation combustion through two devices-PDCs 38 and RDCs. 39 The first of these practical combustors, the PDC, was developed in the 1940s. 40 The PDC is a device which periodically consumes reactants using a detonation. It typically consists of a tube or channel to provide confinement, valving to inject reactants, an ignition source to initiate combustion, and optionally, specialized obstacles to aid the deflagration to detonation transition (DDT) process for less detonable mixtures. PDCs offer mechanical simplicity, 41 higher thrust-to-weight ratios, lower cost, and a wide flight operation envelope. 42, 43 An excellent review of PDCs and the associated merits and outstanding issues are presented by Roy et al. 44 A PDC is composed of four distinct operation phases (fill, ignition, combustion, and purge), that taken together produce a rather complex fluid dynamic cycle composed of strong shocks and expansion waves, with considerable variation spatiotemporally. Hence, it is a non-trivial process to attain the emissions characteristics of such devices, and as such, few studies are present that have dealt with the same. 45, 46 In this regard, a combined experimental and numerical endeavor of PDCs at different equivalence ratios (hydrogenair mixtures) has shown that NOx emissions from this device is considerably lower at lean and rich equivalence ratios, compared to wave rotors. At stoichiometry, however, very high NOx is produced. 45 As discussed previously, non-uniform and unsteady flows are hard to sample properly for their emissions characteristics. When the issue of very high speed and heat transfer is added to this, the already complex problem is further compounded. Hence, a novel method was used to sample a PDC, wherein a type of pseudo-averaging of emissions is performed by aggregating the produced gases from four consecutive tests into a container, and then sampling the stored gases in it. 45 Tests were run for about 2.5 s, whereas sampling started 34 and ended a seventh of a second after ignition and before shutoff, respectively. A wall-mounted probe at the end of the PDC tube was fitted with the sampling probe. Numerically, simulations are set up as axisymmetric two-dimensional models with detailed combustion chemistry having 27 elementary reversible reactions and 12 reacting species. 45 The amount of NOx produced in PDCs depends not only on the detonation residence time, but also on the pressure and temperature dynamics at a given point in space and cycle. Since higher residence times tend to increase the NOx content produced, higher PDC tube lengths produce a similar effect on NOx emissions. 47 By extension, an increase in the combustible charge in the PDCs effected during the fill phase, also has a significant impact on NOx, with higher charge lengths favoring increased NOx formation at a given global equivalence ratio. A similar proportionality is also observed with respect to the frequency of PDC operation. 45 The above-mentioned trends can be seen in Figure 8 . Numerically, it was found that NO is produced by the actual detonation wave propagation inside the tube, whereas NO 2 is produced by the interaction of the products of the detonation wave after exiting the tube and interacting with the atmospheric air (and should thus be expected to continually increase as time progresses), as shown in Figure 9 . Interestingly, Frolov et al. 48 contend, from their simulations on methane-air powered PDC, that N 2 O production is considerably higher than that of NO within the initial 0.1 ms, as depicted in Figure 10 (a). While this kind of residence time is not relevant for PDCs, it is important in RDCs (because of their very high frequency of operation), which are discussed in the section below.
Another separate study on PDC emissions arrived at the same conclusions regarding fill fraction, tube length, and equivalence ratio, 46 while establishing that the measured emissions were comparable in trend, and to an extent in magnitude, to that obtained from chemical equilibrium calculations. Fill fraction is defined as the ratio of volume of the PDC tube filled with reactive mixture to the total tube volume. Fill fractions lower than unity results in lower NOx and CO emissions. Note that this study established this for both hydrogen-air and ethylene-air mixtures (see NO emissions characteristics from experiments and equilibrium simulations in Figure 10(b) ). It should also be emphasized that this study ran the PDC for 7 min, which is considerably higher than other campaigns, and hence that attained emissions values can be assumed to be properly steady-state. Despite this, one has to appreciate the caveat that the chemical-equilibrium simulations do not necessarily capture the intricacies of an actual PDC operation, which should be in non-equilibrium. Overall, in PDCs, depending on the geometry and other operating conditions, experimentally, NOx was found to vary from 100 ppm to 2500 ppm (highest at an equivalence ratio of 1.0 for ethylene-air mixtures), whereas CO varied between 3000 ppm to 25,000 ppm (highest at an equivalence ratio of 1.1 for ethylene-air mixtures). It is emphasized that both Xisto et al. 49 and Yungster and Breisacher 47 numerically attain lower NOx emissions by utilizing a stratified mixture charge. Yungster and Breisacher, 47 in their numerical and experimental study of PDC emissions with Jet Aair mixtures, observe NOx ppm to be in the same range as the hydrogen-air mixtures, suggesting the generic mechanism of NOx production by detonation waves might be independent of the fuel. For the same mixtures, Jenkins and Hanson 50 contend, through experiments, that high amount of soot is produced in a PDC, which would imply notable particulate air pollution. Their efforts to accurately quantify the amount of soot appear to fall short due to apparent measurement errors. While the NOx emission is promising in the realm of using detonations to power turbines, the CO emissions profile also appears to be disadvantageous. Further studies are required to ascertain if very high CO emissions are an inherent part of using detonative propulsions.
As rightly pointed out by Hoke et al. the mechanisms of NOx and CO released through detonative burning should be drastically different from that of deflagration because of the very high pressure and temperature (instantaneously) right after the detonation wave. Using a semi-empirical equation of characteristic time of NOx formation, Hoke et al. 46 estimate up to a 10 times increase in the pressure and at least a 200 K increase in temperature at which pollutants are formed. This was calculated to produce a characteristic NOx production time of approximately 100 ms, implying a rapid production of the pollutant. Obviously, an increase in the stagnation pressure and temperature of the chamber prior to ignition should also be expected to increase NOx production. Numerically, Yungster and Breisacher 47 witness NOx emission indices of about 40, 80, and 140 g/kg-fuel when the stagnation pressure is set to 1, 5, and 8.6 bar and temperature set to 298, 477, and 700 K, respectively, to simulate conditions downstream of a compressor (at an equivalence ratio of 1.0 for Jet A-air mixture). However, it should be noted that, as discussed previously, characteristic time models are obtained from the fundamental empirical analysis of stabilized and turbulent premixed flames. 51 Caution must be exercised when such a formulation is applied to detonation physics, the workings of which are still unclear. Fortunately, considerable complexity is avoided since both the actual cellular detonation model and the less accurate representation of the Zel'dovich-von Neumann-Do¨ring model appear to produce almost the same amount of NOx moments after initiation (ranging from 0 to 4 EI NOx (g/kgfuel) after about 300 ms). This lends support to the numerically obtained NOx emission indices values from the above-mentioned studies-it always exists between 20 and 200 g/kg-fuel.
Rotating detonation combustors
While pulsed detonation combustors (PDCs) were the widely investigated type of pressure gain combustion (PGC) systems, the majority of recent research has migrated to RDCs. The higher power density, 52 the lack of a need to regulate periodic ignition and fuel/oxidizer injection, as opposed to a PDC, and the steadier exit flow profile 53 circumvents the notable issues besetting PDCs. This is due to the very nature of RDCs, which constitutes one or more rotating detonation waves (in an ideal operation) spinning about the circumference of a combustor (with or without channels) in the kilohertz regime, as long as the reactants are fed into the device after the initial ignition. Recently, a handful of experimental investigations have supported the theoretical promulgations of increased efficiency of the detonation cycle. For instance, in their rocket engine configuration, while duly noting the issue of unoptimized combustors, Frolov et al. have shown that RDCs do indeed have a higher efficiency-by 7-13%-than corresponding deflagrative combustors. 54 Wolan´ski has estimated reduced SFC-by 5%-when RDCs were integrated into their unoptimized GTD-350 helicopter engine. 55 In the USA, the Air Force Research Laboratory's investigation into an open looped, turbine-integrated RDC resulted in an increased turbine factor-defined as the comparison of the total fuel energy input to the system to the energy extracted by the turbines-with RDCs, as opposed to deflagrative combustors. 56 Members of the same team, 57 along with Paxson and Naples, 58 has shown that there is indeed a stagnation pressure rise across an RDC.
Owing to a variety of issues ranging from very short experimental run times due to prohibitions from pronounced heat transfer from the detonation wave, to the lack of a well-established experimental methodology to characterize the spatially and temporally varying wave, studies pertaining to gaseous pollutants emissions from RDCs are sparse. At present, open literature contains only two studies-one numerical and the other experimental-that deals with RDC emissions characteristics. Numerically, Schwer and Kailasanath 59 used the Jachimowski H 2 /O 2 kinetic mechanism, 60 which was later incorporated with NOx chemistry as a 12 species, 27 steps reaction by Yungster et al. 45 to tackle pulsed detonative combustion to attain two-dimensional RDC emissions profile with representative hydrogen-air mixtures. The greatest production of NOx occurred right after the detonation front, where the temperature is highest (see Figure 12(a) ). Three independent parameters were studied: feed pressure in the plenums, equivalence ratio, and RDC length and radius. While the NOx emissions index varied from 1 to 26 (g/kg-fuel), it strongly depended on some of the varied parameters. Feed pressure and RDC length were found to cause a negligible change in NOx production, whereas equivalence ratio impacted a considerable variation with a lower equivalence ratio of 0.6 producing a NOx flux of 20 ppm in contrast to stoichiometric conditions that produces about 500 ppm-emissions indices reduce by about 16 times. This is to be expected since NOx emission is a function of temperature, which in turn is dependent on the hydrogen-air equivalence ratios. 61 NOx emissions were also found to vary proportionally with the RDC radius owing to the increase in residence times at higher temperatures (bigger volume for the mixture to traverse). By extension, having multiple detonation waves in the device also produced lower emissions because of the decrease in residence times. Nonetheless, this needs to be confirmed by experimental affirmations of the same.
Experimentally, a flow-through hollow water-cooled RDC powered by hydrogen and O 2 -enriched air was run for 30 s to allow for proper plateaued measurement of NOx emissions at a single operating point (Figure 12(b) ), which was tested multiple times to ensure statistical rigor. 62 Four different locations at the aft-end of the combustor were sampled to gather the emissions profile across the RDC cross-section. Highest NOx was produced consistently by the combustor wall, whereas there was almost no NOx being recorded at the central axis of the device. This is attributed to the inherent design of such flow-through hollow RDCs, which have a core flow that is cold and for the vast majority, non-reacting, as seen in Figure 12 (c). 63, 64 Average NOx measurement by this method stayed at approximately 35 ppm (by volume) across the multiple test cases investigated, forecasting promising RDC NOx emissions characteristics in future configurations and fuels. As seen by the plateaued time-series plots of NOx (ppm) and O 2 (% volume) in Figure 12(d) , one can indeed confirm that the measured NOx is not adulterated by any entrained air since O 2 decreases from it ambient volume percentage to zero when the engine is running, suggesting complete combustion. It is also noted here that though the numerical simulation was two-dimensional and assumed an ideal injector, the estimated values of NOx are within an agreeable range (in terms of ppm) of the experimental measurements. Moving forward, it is essential to attain hydrocarbonrelated emissions such as UHC, CO, and CO 2 . This, however, needs to be preceded by stable hydrocarbonfueled RDC operation, which has proven to be a nontrivial task. For now, numerical and experimental investigations performed with methane appear to suggest that NO 2 is a bigger component than NO due to the rather short characteristic times that are representative of an RDC environment ($0.2 ms), as discussed by Frolov et al. 48 
Notes on attaining pollutants emissions value from unsteady PGC
The information presented above pertains to highly unsteady systems that produce a highly non-uniform exhaust flow-field. As described above, while there have been multiple studies that have characterized, experimentally, the emissions profile of these combustors, it should be noted that such characterization has not necessarily been performed with a proper focus on methodology. This is exemplified by the results from the flow-through RDC where there are drastic changes in the recorded NOx ppm depending on the location at the exit. For instance, if one were to have performed a similar study on quantifying RDC emissions at just one location at the RDC exit (say the central axis), it would have resulted in the erroneous conclusion that RDCs produce almost negligible levels of NOx. On the other hand, if the same study was repeated at a considerable distance away from the exit plane, the obtained values might be lower due to the recombination reactions with the colder atmospheric air that would tend to lower the recorded NOx. Hence, it is imperative to use the proper methodology to ascertain the emissions behavior of this class of devices. The following discussions dwell on some of the issues and the procedures to be followed to circumvent the said issues. Broadly, there are four types of possible sources 65 :
(i) Steady and uniform (ii) Steady and non-uniform (iii) Unsteady and uniform (iv) Unsteady and non-uniform For the first case, only one measurement is needed at any location at the exit of the source. For example, in a steady deflagrative combustor with a constant velocity profile at the exit, it would suffice to have only one gas sampling probe at any location. For the second case, because of the non-uniformity, multiple measurements are needed at different locations, but at any given time. The third type of source requires multiple test cases at different times to attain statistical congruence of the obtained pollutants value. The last case is the most complex, and is representative of all the above types of combustors, due to the inherently unstable flow. Under this type of source, there are two more variations:
(i) Proportionally varying source (ii) Non-proportionally varying source (further divided into those that are reproducible vs. irreproducible)
In the first scenario, the given exit plane of the source needs to be divided into multiple segmented areas. Measurements are to be performed always as pairs, with one reference measurement location and another location that could be moved. This concept is illustrated in Figure 13 , where there are 12 different regions by which the source flow-field is divided into. The location of the reference probe is also marked. The other probe is made to traverse between the centroids of the different regions as shown below. In this way, as long as the reference probe measures emissions continuously, the individual area probe can be sampled only at disparate timings. Since the variation is known to be proportional, the two variables can be linked together to a common point in time. When the source produces emissions that are not proportional, the case becomes the most complex. Here, once again, there are two different types: reproducible and irreproducible. If the reproducible source (cyclic operations) are of a short duration (<6 h), then multiple sections of the exit area of the source need to be sampled for at least one cycle. 65 When a cycle is longer (> 6 h), it is to be treated as an irreproducible source, which has to be sampled at Figure 13 . An example of section-divisions and gas probe pair placement in a proportionally varying system. Source: reproduced with permission from Achinger and Shigehara. 65 various locations for very long durations. Obviously, the last scenario is to be avoided as it imparts tremendous constraints on the pollutants monitoring system. In this regard, it can be construed that the above-discussed combustors fall under the category of unsteady, non-uniform, non-proportional, and reproducible. As can be seen from the discussions above, the experimental endeavors so far on unsteady PGC have not followed the established protocols on measuring emissions from such sources.
The final issue of interest pertains to the element of stratification seen in combustors. 66 While some pollutants such as NOx are better quantified in ppm-v, other pollutants such as SO 2 are better understood when represented in mass/time. 66 In this regard, velocity of the exit flow field of a particular source becomes as important as the gaseous pollutants concentration itself. While it is a reasonable assumption that, at a given spatial location, a change in velocity would produce a proportional change in ppm-v (since volume flow rate can be given as a function of gas velocity), there are certain processes where this is not always the case, because of the density variation accompanying the velocity sectors. The issue becomes highly complex in these scenarios, and additional instruments need to be used. For instance, if one considers a ''cyclonic'' flow field in a burner such that it contains a significant amount of swirl at the exit plane (see Figure 14 (a)), then a direct measure of pollutants is unlikely. Here, one needs to estimate pollutants in the actual context of the location where it is measured. Or in other words, the volume of the flow needs to be related to the sampling rate by attaining velocity and density at a given section. To do this, three-dimensional pitot assemblies (Figure 14(b) ), arrayed differential pressure sensors (Figure 14(c) ), and thermal probes (Figure 14(d) ) need to be used to attain velocities and densities, respectively.
A recent study performed by Hanraths et al. 67 dealt with some of these many issues in measuring PGC devices, by considering the case of a hydrogen-powered PDC. Significant variations in measured NOx values are incurred based on the method of sensing. The same water-cooled sampling probe (cylindrical in shape, i.e. the opening port is flush with the surface of the probe) is used with three different PDC tube outlet. First, the probe is placed a short distance downstream of the PDC such that it forms a step-change increase in area before the gases enter the probe (step). Second, an insert is used such that no such area change is produced upstream of the measuring probe (short inlay). Third, the distance between the PDC exit and the probe is increased notably while still maintaining a constant cross-sectional area (long inlay). The concomitant changes in NOx, O 2 , and H 2 measurements are shown in Figure 15(a) , indicating the rather high sensitivity of the values to the method of coupling between the probe and the combustor, as well the location of the probe. Similarly, when a pitot probe (with the gas port clearly protruding upstream of the probe surface) is used, there are once again marked variations, as shown in Figure 15 (b). While there are minor variations in O 2 and H 2 content, the measured NOx concentrations are significantly reduced when a pitot-type probe is used. The authors attribute this to a below-ambient static pressure (after an initial higher pressure for a few cycles after ignition) in the measurement line that is peculiar to the pitot-cases throughout the test runs. While the exact reasons for this vacuum in the line are unknown, it was speculated that the very high speed flow interacting with the protruding pitottube with small area causes a lower pressure inside it. This lower pressure bias, in turn, causes a lower density of flow going into the chemiluminescence gas analyzer, thereby giving a notably reduced NOx concentration despite all other conditions remaining the same with the measurements made without a pitot-static tube. Indeed, it is known from fundamental studies on aerodynamics that a bow shock is formed upstream of a pitot-tube in supersonic flows, which causes a reduced Figure 14 . (a) A cyclonic burner, (b) multi-axis pitot tubes, (c) differential pressure sensor grid to analyze pressure distribution, and (d) thermal sensor grid to attain density. Source: reproduced with permission from Jahnke (1994). 66 stagnation pressure and density downstream of it. 68 Furthermore, varying the angular orientation of the probe port from 0 (facing the PDC exhaust flow) to 180 (same direction as the exiting flow) is found to cause a significant change in measured pollutants values. While this is still notable for a lower PDC operating frequency (2 Hz), it becomes even more drastic at higher frequencies (like 10 Hz); the latter case is shown in Figure 15 (c), which shows the windward angles measuring more NOx than the leeward angles. By comparing these values with the pressure acquired from the same ports (see Figure 15(d) ), Hanraths et al. arrive at the conclusion that flow separation is the origin of these errors (due to pressure variations, which in turn controls the amount of gas flowing into the probe). The current authors would like to note that this effect would only be compounded in an RDC environment since there is always an inherently varying flow angle (due to swirl caused by the rotating detonation wave).
Conclusions
The current document pertains to the emissions characteristics of PGC. These combustors, owing to their inherently unsteady nature, produce a complex flow field due to the intricate combustion, temperature, and pressure dynamics. A broad review of the four main types of this variant of combustors and their associated emissions profile are presented and reviewed. It was also pointed out that almost all of the current experimental testing performed on these combustors does not necessarily meet the requirements put forth by regulations. This is due to the fact that these devices produce an exit flow-field that is unsteady and non-uniform. This is identified to be a special class of combustion source that is the hardest to measure. The factors to bear in mind when attempting to quantify the emissions profiles of these devices was also discussed. Because of the widespread and apparent errors that are seemingly incurred in the experiments performed so far, we listed the emission indices in the sections above only when it was generated from numerical simulations. While the values do seemingly get rather high, we are interested in the lowest possible emissions to ascertain the best-case scenario of using different PGC systems. In this regard, literature cites 0.3, 0.31, 20, and 1 g/kg-fuel as the lower bound for nitrogen oxide emission index (NOx EI) for wave rotors combustors, pulsejets, PDCs, and RDCs, respectively. The average values (defined as the median from diverse setups and operating conditions) on the other hand, do have a very broad spread; wave rotors appear to cause significantly higher pollutants emissions, and is followed by PDCs-both systems have a NOx EI that exceeds 100 g/kg-fuel for most geometries, conditions, and ranges. It is, however, conceded that such an average over different devices, conditions, and equivalence ratios is probably not a physically consistent variable since a wide range of factors might skew this, especially in a PGC. Nonetheless, we present it here for the contemplation of the readers. Considering the added complexity of trying to mitigate emissions in these combustors (air buffer layer in wave rotors and mixture stratification in PDCs), it does not seem prudent to mature these devices currently, from a purely pollutants-based perspective. Pulsejets and RDCs, on the other hand, do appear to produce much lower levels of NOx, as noted above. This is also validated by relatively controlled experiments. In this regard, the authors opine that these two devices hold the most promise among the different PGC systems. Because these values are obtained at relatively nominal operating conditions, one can expect lesser developmental issues in trying to further reduce the NOx emissions from these devices. With regards to CO emissions, very little experimental or numerical information is available in literature on all four devices. We contend that further testing is warranted to ascertain the same. However, with the present set of evidence, it is speculated that pulsejets and RDCs are the way of the future with regards to ''greener'' PGC devices. This is, of course, based on the notion that all the presented values are ''true'' and that there are no measurement biases, which, as argued in the body of the text, are prevalent in unsteady PGCs. Hence, we emphasize that significant caution and best practices need to be exercised in future emissions study to attain a clearer picture of an objectively better PGC device.
